Rift Valley fever (RVF) is a mosquito-borne disease that affects humans and livestock. It results in economically disastrous livestock deaths in Africa. The causative agent is RVF virus (RVFV), which possesses a tripartite negative-sense, single-stranded RNA genome, with large (L), medium (M) and small (S) segments. The lack of effective vaccines and anti-RVFV therapies motivates concerted efforts in search for safe and effective remedies. Recent advances in the RNA interference (RNAi) may provide promising tools to control RVFV. This study aimed to use the Baculovirus Expression Vector System to demonstrate that the RVFV S-genome segment is susceptible to RNAi. A multiplex short hairpin RNA (shRNA) transcription cassette was constructed for generating small interfering RNA (siRNA) that target both the RVFV genomic RNA transcripts and the Green Fluorescent Protein (GFP) which was used as a reporter gene. Two expression vectors were constructed; one for expressing the RVFV S-genome alone and the other one for simultaneous expression of both the RVFV S-genome and the shRNA cassette. A separate transiently expressed GFP only vector was included as an internal positive control to be expressed simultaneously when co-transfected into Sf21 insect cells with each RVFV-S construct to monitor the effectiveness of the shRNA to trigger RNAi. By design, the RNAi effect on both the RVFV-S and the GFP transcripts was driven from the same shRNA. A statistically significant reduction in the relative GFP fluorescence (P< 0.05) was demonstrated and a drop in GFP and the RVFV S transcript levels observed. Collectively, these results suggest the potential application of RNAi as an antiviral strategy against RVFV.
INTRODUCTION
Rift Valley fever virus (RVFV) (genus: Phlebovirus, family: Bunyaviridae) is an enveloped virus (Muller et al., 1994; Giorgi, 1996; Ellis et al., 1988; Nichol et al., 2005; Sindato et al., 2015) . The primary vectors of the virus are transovarially-infected floodwater mosquitoes of the Aedes species (Linthicum et al., 1999; Nichol et al., 2005;  *Corresponding author. E-mail: julietteongus@jkuat.ac.ke. Tel: +254 722 339682.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License Sang et al., 2017) . The virus causes an arthropod-borne RVF disease, which is a major public health threat due to its serious epizootics and epidemics in sub-Saharan Africa (WHO, 2007; Breiman et al., 2008; Boshra et al., 2011) . The epizootics result in devastating abortions in pregnant animals (Swanepoel and Coetzer, 2004) and up to 100% mortality rates in domestic animals (Easterday et al., 1962; Meegan et al., 1979; Meegan et al., 1981) .
In Kenya, the virus was first isolated in 1930 along Lake Naivasha in the greater Rift Valley, during which sweeping deaths and abortion storms among sheep were reported (Daubney et al., 1931) . The 2006/2007 RVFV outbreak in eastern Africa (Sindato et al., 2015) caused 45% human case fatality, and 100 and 60% mortality rates in young and adult livestock respectively (WHO, 2007; CDC, 2007) . Effective vaccines for animals and prevention methods for humans are lacking. The currently ineffective or short-acting vaccines for animals against the RVFV and lack of prevention and treatment methods for humans mean that the affected populations remain susceptible (Ikegami and Makino, 2009; Pepin et al., 2010; Boshra et al., 2011) . Thus, concerted efforts in search for safe antiviral therapies that will offer effective treatment and prevention strategies are needed. Research on recombinant subunit vaccine development based on the RVFV surface glycoproteins is currently underway (Faburay et al., 2016) .
The RVFV possesses a tripartite genome, which is composed of three negative-sense, and single-stranded RNA segments designated as large (L), medium (M) and small (S) where the L and M are of negative polarity while S is of ambisense polarity (Elliott, 1990; Muller et al., 1994; Giorgi, 1996) . The L segment (6,404 nucleotides, nt) codes for a 237-kDa L protein, which is the viral RNAdependent RNA polymerase in a single ORF (Muller et al., 1994) . The M segment (3885 nt) codes for a polyprotein precursor to the glycoproteins encoded in a single ORF (Collett et al., 1985) . The S segment (1690 nt) codes for two proteins, the 27 kDa nucleoprotein N and a 31-kDa non-structural protein called NSs by utilizing an ambisense strategy (Giorgi et al., 1991) .
RNA interference (RNAi) is a highly sequence specific RNA-dependent gene regulatory mechanism by which double-stranded RNA (dsRNA) targets complementary mRNA for degradation (Hannon, 2002; Agrawal et al., 2003; Kang et al., 2008) . RNA interference is one of the most promising platform for the development of therapeutics against viral pathogens (Faburay et al., 2016) . RNAi can be triggered experimentally by exogenous introduction of dsRNA or using DNA-based vectors, which express short hairpin RNA (shRNA) in the cytoplasm that are processed by Dicer into siRNAs (Swamy et al., 2016; McGinnis, 2010) . Expression of short hairpin RNA (shRNA) from plasmids triggers the RNAi pathway, and this gives the promise of developing new RNAi -based gene therapies for controlling of some pathogens (McCaffrey et al., 2002) . This gene-specific therapeutic tool may escape some of the limitations of conventional medicinal chemistry (Hannon and Rossi, 2004) . RNAi has been widely demonstrated in vitro against many viruses (Ge et al., 2004; Nishitsuji et al., 2006; Carmona et al., 2006; Shi et al., 2010) . The RVFV genome sequence in highly conserved at 95% (Liu et al., 2003; Nderitu et al., 2011) making it a good candidate silencing using the RNA approach.
The Baculovirus Expression Vector System (BEVS) (Invitrogen, Carlsbad, CA, USA) uses a recombinant Autographa californica Multiple Nuclear Polyhedrosis Virus (AcMNPV) to express high levels of heterologous gene products in lepidopterans Spodoptera frugiperda and Trichoplusia ni as host insects. The AcMNPV can accommodate foreign genes of interest that are transferred from the expression cassette to the baculovirus genome by site-specific homologous recombination in vivo (Vlak and Keus, 1990) . It allows expression in a variety of lepidopteran cells including those derived from S. frugiperda such as Sf21 cells (Theilmann and Stewart, 1992) . The pFastBac™ Dual vector is an example of the expression vectors that are used in the BEVS, which has two strong baculovirus promoters, P PH and P P10 to allow simultaneous high-level expression in insect cells (Harris and Polayes, 1997; O'Reilly et al., 1992) and two large multiple cloning sites to facilitate cloning. Another example is the OpIE2 immediate-early promoter from the baculovirus Orgyia pseudotsugata Multicapsid Nuclear Polyhedrosis Virus (OpMNPV) in the pIZ/V5-His vector, is employed to express genes of interest (Invitrogen). The OpIE2 promoter synthesizes high levels of constitutive expression at levels equivalent to those obtained from the P PH and P P10 promoters (Theilmann and Stewart, 1992) .
The goal of this study was to demonstrate the susceptibility of the RVFV S-genome segment to RNAi in a BEVS model system. The P p10 and P PH dual promoter feature of the pFastBac™ Dual vector was used to show the activity of short hairpin RNA (shRNA) transcription cassette against the RVFV S-genome transcript in a dual gene knock-down approach in insect cells.
MATERIALS AND METHODS

The RVFV isolate
A collaborative effort of the Centers for Disease Control and Prevention (CDC) in Kenya and the Kenya Medical Research Institute (KEMRI) isolated the RVFV isolate that was used in this study from infected human serum that was obtained in a separate outbreak investigation from Garissa County in the North Eastern part of Kenya during the 2006/2007 epidemics (Nderitu et al., 2011) . This isolate was named the Garissa 004. The isolate was already classified, sequenced, cultured and archived at -80°C as KEN/ Gar-004/06 (GenBank accession no. HM586975 for S segment, HM586964 for M segment, HM586953 for L segment) (Nderitu et al., 2011) . For this study, the archived RVFV isolate was amplified by passaging in Vero cells in the Biosafety level-3 (BSL-3) laboratory facility at CDC/KEMRI in Nairobi, Kenya. 
Name
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The positive cell culture supernatant was used to isolate RVFV genomic RNA using QIAamp ® Viral RNA Kit (Qiagen) as per the manufacturer's instructions. The quality of the isolated RVFV genomic RNA assessed by quantification in BioSpec-Mini Spectrophotometer (Shimadzu Corporation) at 120 ng/µl and observed by gel electrophoresis. The RNA was finally aliquoted and stored at -80°C to await the RT-PCR application.
Promoters and recombinant transcription vectors
Very-late strong baculovirus promoters PPH and PP10 in the pFastBac™ Dual vector (Invitrogen, Carlsbad, CA, USA) were utilized to express both the RVFV S-genome and the shRNA cassette. These allow simultaneous high-level expression in insect cells and two large multiple cloning sites to facilitate cloning were used (Harris and Polayes, 1997; O'Reilly et al., 1992) . A second expression vector the pIZ/V5-His vector plasmid (Invitrogen, Carlsbad, CA, USA) was used to expresses the GFP reporter gene using the OpIE2 immediate-early promoter. The OpIE2, promoter utilizes the host cell transcription machinery and does not require viral factors for activation but is activated upon arrival in the cytoplasm of the host cell (Friesen and Muller, 2001) . It allows expression in a variety of lepidopteran cells including those derived from S. frugiperda (such as Sf21 cells) (Theilmann and Stewart, 1992) .
Construction of recombinant pFastBacDual-S (pFBD-S) transcription vector
To amplify the entire length of the RVFV S-genome segment for cloning into the pFastBac Dual TM expression vector vector, 2 µg of the RVFV total genomic RNA sample was used in the RT-PCR in complementary DNA (cDNA) synthesis with SuperScript III/ Platinum Taq DNA polymerase high fidelity enzyme mix as per the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Primers RVFV-S-F and RVFV-S-R were used for the amplification and to introduce KpnI and XhoI restriction enzymes restriction sites respectively for cloning ( Table 1 ). The other two RVFV full-length genome segments (L and M) were unsuccessfully cloned, and therefore are not analysed in this study. The RT-PCR cycling parameters were 1 cycle of 51°C for 60 min and 94°C for 2 min, followed by 40 cycles of 94°C for 15 s, 56°C for 30 s, and 68°C for 2 min, followed by a final extension at 68°C for 5 min. The PCR products were detected by electrophoresis in a 1% agarose gel stained with ethidium bromide and running at 10 volts/cm for 45 min. The amplicons were purified from the agarose gel using the S.N.A.P TM gel purification kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
The purified PCR products of the RVFV S-genome segment were ligated into the pGEM ® -T Easy Vector (Promega) for TA cloning as per the manufacturer's instructions to generate pGEM ® -T Easy-S construct (Abbreviated as pGEMT-S). Following the blue-white screening, white colonies carrying the cloned inserts were selected from the LB agar plates (containing 100 g/ml ampicillin and 20 μg/ml X-gal) for colony PCR screening and sequencing to further confirm the positive clones.
Recombinant plasmids were purified using the GenScript kit (GenScript Corporation, Piscataway, NJ) from the overnight LB broth culture containing 100 g/ml ampicillin. The RVFV S-segment cDNA insert was directionally subcloned from the pGEMT-S plasmid into the pFastBac Dual TM vector under the control of the PP10 promoter in order to generate a recombinant plasmid pFastBac Dual TM -S (abbreviated as pFBD-S) construct.
To do this, the plasmid pGEMT-S was digested with KpnI and XhoI restriction enzymes and subcloned into the pFastBac Dual TM vector digested with the same enzymes (Table 1) according to the manufacturer's instructions. The recombinant pFBD-S clones were selected on LB agar plates (containing 100 g/ml ampicillin and 7 g/ml gentamycine) and confirmed by the KpnI-XhoI restriction enzyme double digestions.
Construction of recombinant pFBD-shRNA transcription vector
In order to generate fragments for the short hairpin RNA (shRNA) transcription cassette, a 1253 bp multiplex shRNA template containing 150 bp fragments each from the RVFV L, M and S genome segments and 150 bp of GFP (Figure 1 , Figure S3 ) was designed and amplified by PCR ( Table 2 ). These fragments were selected from the regions with 30 to 50% GC content (for optimal activity), which were identified using the Ambion siRNA Target Finder (www.ambion.com/techlib/misc/siRNA_finder.html). The RVFV L (genome location 6056-6205), M (genome location 3437-3586) and S (genome location 1127-1276) segment portions were amplified by the RT-PCR from the RVFV RNA templates (Nderitu et al., 2011) . The GFP fragment was amplified by PCR using the pcDNA-DEST47 Gateway ® Vector as DNA template (Invitrogen, Carlsbad, CA, USA) (plasmid location 2628-3347) (GFP ORF location 193-342) was amplified by PCR. The optimized shRNA PCR primer annealing temperatures were as follows: For shGFP-F/shGFP-R, RVFV-shL-F/RVFV-shL-R, RVFV-shM-F/RVFV-shM-R and RVFV-shS-F/RVFV-shS-F were 58, 52, 56 and 60°C respectively. The extension and final extension times in all their PCR cycling parameters were 45 s and 3 min respectively. All the PCR products were detected and purified as described earlier.
The four fragments were first sequentially cloned into the pGEMT vector to generate the recombinant plasmid pGEM ® -T -shRNA (abbreviated as pGEMT-shRNA). In brief, the shRNA chimeric gene construct ( Figure 1 ) was cloned in the following sequential order: First the 640 bp forward-facing, that is, genomic sense (GS) construct was cloned starting with the 150 bp L segment which was cloned using the restriction enzymes BamHI and SpeI; 150 bp M using SpeI and NotI; 150 bp S using NotI and PstI; and 150 bp GFP using PstI and HindIII. A 13-nucleotide loop spacer containing an EcoRI restriction site was introduced using the shGFP-R primer to create a separator between the GS and reverse complement (RC) regions to allow for the shRNA transcript to fold on itself to create a dsRNA that would trigger RNAi in the cells (Figure 1 ). Next, the 632 Figure 1 . Schematic representation of the complete 1253 bp multiplex shRNA transcription constructs. The colour codes correspond to the same fragments and the arrow points to the direction of the ORF of the cloned insert/fragment in the schematic illustration. The restriction sites that are indicated were used for sequential cloning of the fragments. The 150 bp L, M and S fragments respectively were cloned from the cDNA from the RVFV KEN/ Gar-004/06 isolate (GenBank accession no. HM586953 for L segment, HM586964 for M segment and HM586975 for S segment) using the primers indicated in Table 2 . The 150 bp DNA fragments of the GFP was amplified from the GFP ORF in the pcDNA-DEST47 Gateway® Vector. The whole piece of the GS region was used as a DNA template in PCR to amplify and directionally cloned the RC region separated by a 13 bp loop as showed. Upon transcription in the insect cells, the RNA transcript that is transcribed forms a shRNA cassette with an hairpin structure, because the GS portion is complementary to the RC portion. When the RNAi is induced, the shRNA cassette is processed by dicing to produce a mixed population of siRNAs for different fragments (L, M, S and GFP). In this study, the ability of the S and the GFP siRNAs to degrade the transcripts of the RVFV S-genome segment and the GFP respectively were assessed. Table 2 . Primers for construction of 150 bp fragments of multiplex shRNA transcription cassette.
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bp reverse-facing, that is, RC construct (complementary to the GS construct) was amplified by PCR from the entire GS portion using the RC primer pair shRC-F and shRC-R (Table 2) and Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). The following optimized PCR cycling parameters were used; 1 cycle of 94°C for 2 min, followed by 40 cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 1 min, and a cycle of final extension at 72°C for 5 min. The PCR products were analyzed as mentioned before, and directionally cloned into the pGEMT-GS recombinant plasmid construct using HindIII and EcoRI restriction enzymes in order to form a complete shRNA transcription construct that constitutes the GS and the RC parts.
Using the same restriction enzymes, the shRNA insert was then directionally subcloned from the pGEMT-shRNA construct into the pFastBac Dual TM vector under the control of the PH promoter to generate the recombinant plasmid pFastBac Dual TM -shRNA (abbreviated as pFBD-shRNA). Colonies carrying the recombinant pFBD-shRNA clones were selected on LB agar plates as described previously.
Construction of recombinant pFBD-S/shRNA transcription vector
To generate the recombinant plasmid with the ability to transcribe both the RVFV-S genome transcript and the shRNA, pFastBacDual-S/shRNA (abbreviated as pFBD-S/shRNA), the RVFV S-segment was then directionally subcloned from pGEMT-S recombinant construct into pFBD-shRNA under the control of the Pp10 promoter using the KpnI and XhoI restriction enzymes. Colonies carrying the recombinant pFBD-S/shRNA plasmid clones were screened, propagated and purified as mentioned previously.
Construction of recombinant pIZ/V5-GFP transcription vector
The GFP expression vector for transcribing the GFP as an internal positive control in insect cells, was constructed. To do this, an Open Reading Frame of 720 bp GFP was amplified from the pcDNA-DEST47 Gateway ® Vector (Invitrogen, Carlsbad, CA, USA) using Well no. 5 Well no. 6 Well 1 and 4: Mock-transfected control cells. Well 2 and 5: siRNA-negative control cells (Co-transfection of AcMNPV Bacmid-S and pIZ/V5-GFP). Well 3 and 6: siRNA-positive test cells (Co-transfection of AcMNPV Bacmid-S/shRNA and pIZ/V5-GFP) the Platinum Taq DNA polymerase enzyme (Invitrogen, Carlsbad, CA, USA).
The pcDNA-DEST47 Gateway ® Vector (1 µg) was used as the GFP template in 50 µl PCR reaction volume. The cycling parameters were 1 cycle of 94°C for 2 min, followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C for 7 min utilizing the GFP PCR primers GFP-F and GFP-R ( Table 1 ).
The PCR products were analyzed and purified as described earlier, then cloned into the pGEM ® -T Easy Vector in order to construct a pGEMT-GFP recombinant plasmid. The PCR primers introduced into the PCR product 18 bp additional EcoRI and EcoRI-NsiI restriction sites for cloning. Using the EcoRI restriction enzyme, the GFP insert was then sub-cloned from the pGEMT-GFP construct into the pIZ/V5-His vector (Invitrogen, Carlsbad, CA, USA) under the OpIE2 promoter in order to construct GFP expression vector (pIZ/V5-GFP) for transfecting into insect cells. Colonies carrying the recombinant pIZ/V5-GFP clones were selected on 50 µg/ml Zeocine selective LB agar plates.
Sequencing the recombinant plasmid constructs
All the purified plasmid constructs were sequenced by Sanger sequencing at Macrogen, Inc. (South Korea). The sequences were edited using Bioedit software version 5.0.6 (Ibis Biosciences) and a similarity nucleotide search was obtained by BLAST in the National Center for Biotechnology Information (NCBI) website (http://blast.ncbi.nlm.nih.gov/Blast.cgi. ClustalX and Mega 4 (Tamura et al., 2007) software were also used to align the sequences. These analyses confirmed that there were no PCRgenerated mutations, which would interfere with the sequence specificity of the RNAi mechanism.
Propagation of recombinant pFBD-S and the pFBD-S/shRNA bacmids in DH10Bac TM E. coli cells
To generate recombinant AcMNPV Bacmid DNA for transfecting into insect cells, 2 ng of each of the pFBD-S and the pFBD-S/shRNA expression vectors were propagated and isolated independently from chemo-competent DH10Bac TM cells following manufacturer's instructions (http://tools.invitrogen.com/content/sfs/manuals/bactobac_man.pdf) (Invitrogen, Carlsbad, CA, USA). In summary, the pFBD-S was used to generate large molecular weight AcMNPV recombinant baculovirus genome containing the S-genome segment (AcMNPV Bacmid-S DNA). While the pFBD-S/shRNA was used to generate large molecular weight AcMNPV recombinant baculovirus genome containing the S segment and the multiplex chimeric shRNA transcription cassette (AcMNPV Bacmid-S/shRNA DNA).
Transfection of recombinant pFBD-S and the pFBD-S/shRNA Bacmid DNAs into Sf21 cells for in vitro transcription
To transcribe in insect cells the S-genome, the shRNA transcription cassette, and the GFP, the recombinant AcMNPV Bacmid-S and Bacmid-S/shRNA were standardized and transfected into Sf21 cells according to the supplier's Bac-to-Bac® guidelines (Invitrogen, Carlsbad, CA, USA). The Sf21 cells (2.0 × 10 6 ) of greater than 95% viability for use in the transfections were seeded in a 6-well plate (Invitrogen, Carlsbad, CA, USA). A master mix was separately prepared by diluting gently 10 μl of 16.9 μg/ml recombinant pFBD-S Bacmid DNA and 10 μl of 12.6 μg/ml pIZ/V5-GFP plasmid construct in 100 µl of 0.2 m filter sterilized Grace's Unsupplemented Medium, without antibiotics or serum per well. The same procedure was repeated for co-transfection of the Sf21 cells with 24.5 µl of 6.9 μg/ml recombinant pFBD-S/shRNA Bacmid DNA and 10 μl of 12.6 μg/ml pIZ/V5-GFP plasmid construct. The quantitation of the Bacmid DNA and the pIZ/V5-GFP plasmid constructs was done to ensure that the concentrations across all the wells were standardized.
The Cellfectin® reagent (Invitrogen) (liposome for mediating the transfection) and DNA mixtures were gently combined and incubated for 20 min at room temperature. The DNA-lipid transfection mixtures were added drop wise onto the cells in the wells and incubated at 27°C for 5 h.
The transfection mixtures were removed and replaced with 2 ml of 0.2 m filter sterilized complete Grace's Insect Medium (Supplemented medium with 10% FBS and penicillin/Streptomycin antibiotics to final concentration of 100 Unit/ml and 100 µg/ml respectively. The cells were incubated at 27°C as per the timecourse set up in duplicate using five 6-well plates incubated at 27°C for 0, 24, 48, 72 and 96 h respectively.
Duplicate sets of wells were set up as follows: The cells in the first pair of wells were not transfected (mock transfected negative control with no constructs). The cells in the second pair of wells were co-transfected with the pFBD-S and pIZ/V5-GFP plasmid constructs (RNAi-negative). The cells in the third pair of wells were co-transfected with pFBD-S/shRNA and pIZ/V5-GFP plasmid constructs (RNAi-positive). Table 3 summarizes the outline of the 6well plate transfection set up. A time-course experiment at 0, 24, 48, 72 and` 96 h incubations respectively was set up by preparing five (5) identical plates as per the setup in Table 3 . Each time point was analysed in duplicate. For the 0 h duplicated sets, all the cells from the mock-transfected wells as well as from the recombinant vector wells were harvested immediately upon transfecting, while the other sets were harvested after the stated time of incubations. After each incubation time, the medium was harvested by sloughing off the cells to the medium and clarifying them at 500 X g for 5 min. The cells were resuspended immediately in 1 ml freezing medium constituting 20% glycerol, 50% sterile-filtered Grace's medium, unsupplemented (without antibiotics and serum) and 30% FBS. The cells were divided for further analyses into three aliquots; one with 500 μl stocks for -80°C storage, another one with 460 μl for RNA isolation and finally the third one with 40 μl for fluorescence microscopy.
Monitoring of RNAi by GFP fluorescence microscopy
The Sf21 cells were harvested at 24 h intervals (0, 24, 48, 72 and 96 h) post-transfection. An aliquot of 10 µl of Sf21 from each of time-course experiment was put on a microscope slide. The cells were allowed to attach for 45 min and then fixed for 15 min by adding an equal volume of 4% paraformaldehyde in PBS pH 7.4. The cover slips were laid on the slides and excess flow-over medium was wiped out carefully. The attached Sf21cells were analyzed by fluorescence microscopy using iMIC microscope (TILL photonics) with Pike F-145b camera (Allied Vision Technologies, GmbH, Germany). The GFP filter was chosen at excitation wavelength of 500 nm. The exposure time was also finally adjusted to 50 milli-seconds. Following image acquisition, the raw data were exported to ImageJ 1.45 software (National Insitutites of Health) (Collins, 2007) . Using the software, images were edited and timecourse average GFP fluorescence per cell was measured. These readings were used to compute the relative GFP fluorescence according to the formular by the ImageJ 1.45 software ( Table 4 ). Strengths of correlation were measured between the effects of RNAi treatment and the time to describe the variations due to the effects of RNAi treatment in time. The t-test statistical analysis was used to measure the average relative GFP fluorescence per cell at 95% confidence level with P<0.05 level of significance. Duplex RT-PCR assays were done on total RNAs that were isolated from the cell samples. RVFV-S specific primers (RVFV-S-F and RVFV-shS-R) and GFP-specific primers GFP-F (Table 1 ) and shGFP-R (Table  2) were used.
Monitoring of RNAi by GFP and RVFV S semi-quantitative duplex RT-PCR
Total RNA was isolated from the harvested Sf21 cells using Trizol TM reagent method (Invitrogen, Carlsbad, CA, USA). Duplex semiquantitative RT-PCR assays for analyzing GFP and RVFV Sgenome RNA transcript levels were done on equal volumes (1 µl) of the total RNA from the time-course experiments merging different time points post-transfection. The RT-PCR was carried out using SuperScript III/ Platinum Taq DNA polymerase high fidelity enzyme mix (Invitrogen, Carlsbad, CA, USA). The GFP-specific (GFP-F and shGFP-R) and RVFV-S specific (RVFV-S-F (Table 1) and RVFV-shS-R (Table 2) primer combinations were utilized. The RVFV S primer combinations detected the S RNA transcript by amplifying a 572 bp cDNA fragment while that of the GFP primers detected the GFP RNA transcript by amplifying a 370 bp cDNA fragment. The optimized RT-PCR cycling parameters were 1 cycle of 51°C for 60 min and 94°C for 2 min, followed by 20 cycles of 94°C for 15 s, 56°C for 30 s, and 68°C for 1 min, followed by a final extension at 68°C for 3 min. The expected band sizes of the RT-PCR products were checked by running on a 1% agarose gel at 10 volts/cm for 1 h. Semi-quantitative RT-PCR was used in place of qPCR since at the time of this experimentation the study could not access qPCR infrastructure. However, it is recommended that future studies should improve similar investigatins with qPCR.
Statistical analyses on the time-course experiment
To statistically support the molecular data, the pairwise statistical testing on relative GFP fluorescence per cell was analysed using Pearson's correlation strength and t-distribution at a level of significance of P=0.05 with a 95% confidence interval.
RESULTS
Expression of the RVFV S genome, shRNA and GFP cassettes in the BEVS
This study aimed to show the susceptibility of the RVFV Third column: Declined GFP fluorescent intensities detected from the Sf21 test cells that were co-transfected with pIZ/V5-GFP plasmid construct and recombinant AcMNPV Bacmid-S/shRNA (siRNA-positive). The apparently higher amounts of the GFP fluorescence intensities in the siRNA-negative than those for the siRNA-positive were observed per time point. Moreover, the increase in the GFP fluorescence intensities positively correlated with the increase in the time of incubation. This amount of change was quantified and presented in Figure 4 and Tables 4 and 5. S-genome segment to RNAi using the Baculovirus Expression Vector System as a model (Ciccarone et al., 1997) guided by the GFP reporter gene as an internal control.
Monitoring RNAi by GFP fluorescence microscopy in Sf21 cells
GFP fluorescence microscopy in Sf21 cells was monitored from the samples harvested at 0, 24, 48, 72 and 96 h post-transfection respectively. At each time point, the duplicated wells of each of the mocktransfected (control group), the siRNA-negative control cells (Co-transfection of AcMNPV Bacmid-S and pIZ/V5-GFP) and the siRNA-positive test cells (Co-transfection of AcMNPV Bacmid-S/shRNA and pIZ/V5-GFP) were included (Table 3 ). GFP fluorescent signals were not detected from the mock-transfected controls and at time 0 h (Figures 2 and S1 ). Progressive decline in the GFP expression was however observed by a decreasing GFP fluorescence intensity (iMIC, Till Photonics GmbH) in the course of time. The difference of means between duplicate experiments for the average relative GFP fluorescence per cell in the siRNA-positive and the siRNA-negative wells upon correction by GFP background subtraction was computed (Figures 2 and S1, and Tables 4, 5 and S2). The average (Figures 2 and  S1 ). Percentage reduction in GFP intensity due to RNAi increased with time ( Figure 3 ). Average percentage Percentage amount of reduction (the difference between the GFP fluorescence of the siRNA-negative and the siRNA-positive) in the GFP fluorescence intensity due to RNA silencing was observed to increase with the time of incubation. In average, the percentage reduction in the relative GFP fluorescence of up to 39.7% was observed by the 96 th h ( Table 5 ).
reduction of the relative GFP fluorescence of up to 39.7% was achieved by the 96 th hour. A graph of percentage reduction in the amount of the GFP fluorescence against incubation time showed that the reduction in the GFP intensity increased with time.
All the promoters (P PH , P 10 and OpIE2) are very strong and remained active throughout the course of the experiment; therefore, it was not possible to achieved absolute transcript knockdowns. The experimental setup was designed in such a way that siRNAs which are both anti-RVFV S-genome segment and anti-GFP transcripts would be generated from the same multiplexed shRNA transcription cassette. As such, the expression of these siRNAs for targeting the RVFV S-genome segment was positively correlated with the expression anti-GFP siRNAs (Figure S2 and Tables S3 and S4 ). The transcription of RVFV S-genome and shRNA cassette respectively occurred simultaneously in one pFBD-S/shRNA vector. The two baculovirus promoters being equally powerful and are turned on at the same time enabled the RNAi pathway to occur as their respective siRNA were processed.
To statistically evaluate the null hypothesis that the siRNA-positive treatment had "no effect" on the RVFV Sgenome segment transcript, the Pearson productmoment correlation coefficient (Tables S3 and Table S4 ) and 96 h arranged in groups of threes indicating the 370 bp GFP and the 572 bp RVFV S. In each of these groups; first well shows the results of RNA from the un-transfected Sf21 negative control cells, second well shows the RT-PCR results of total RNA from Sf21 cells that were co-transfected with pIZ/V5-GFP construct and recombinant AcMNPV Bacmid-S (siRNA-negative), and third well displays the RT-PCR results of RNA from Sf21 cells cotransfected with pIZ/V5-GFP construct and recombinant AcMNPV Bacmid-S/shRNA (siRNA-positive). There is apparent reduction in the cDNA band densities in the siRNA-positive groups compared to the siRNA-negative groups that were amplified from both the GFP and the RVFV S transcripts. and t-test analyses were done on the data sets (Supplementary information). The Pearson productmoment correlation coefficient, r (Pearson's r) was used to measure the strength of the linear relationship between incubation times and amount of change in the relative GFP fluorescence intensities ( Figure S2 ). The Pearson's r between X = Incubation time and Y = change in relative GFP fluorescence, r = 0.9584 and 0.9511 in sets 1 and 2 respectively showed strong positive relationship (Tables  S3 and S4 ). The mean Pearson product-moment correlation coefficient (r = 0.95475) between the siRNAnegative and siRNA-positive groups of cells in the two independent experiments showed a strong positive correlation. Strengths of correlation were measured between the RNAi treatments and the time variables. The percentage reduction in GFP intensity increased with time.
The relative GFP fluorescence per cell from the duplicate experiments were also used to test the null hypothesis at P<0.05 confidence level of significance using the t-test statistics (Supplementary material) (Chap, 2003; Fisher and Belle, 2004; Kaps and Lamberson, 2004) . The corresponding t-test analysis for these correlation strengths showed significant variation between the siRNA-negative and siRNA-positive groups (t 1−0.05/1, 4−2 = 2.92; P<0.05). A second t-test analysis done on each independent time-course experiment also showed significant effect of RNAi treatment between the two groups (t 1-0.05/1,3 = 2.80, P<0.05). There was no significant difference in the amount of change achieved by the two separate independent experiments (t 1-0.05/1,6 = 0.0806, P>0.05) suggesting that the two independent experiments were similar. The pattern of GFP transcription post-RNAi was thus assumed to mirror that of the RVFV S-genome segment because the source of siRNA originated from the same shRNA chimeric construct. As there was a statistically significant effect due to the RNAi in the RNAi-positive test group on the transcript levels of the RVFV S-genome transcript, the null hypothesis of "no-effect", that is, H 0 : µ 1 = µ 2 was therefore rejected.
Verification of the effects of the RNAi on the transcripts of GFP and RVFV S by semi-quantitative RT-PCR
In the RNAi-positive groups, transcription of shRNA transcription cassette generated siRNAs that triggered gene-specific degradation of the RVFV S and GFP transcripts via the RNAi pathway. The monitoring of the RNAi was achieved by using duplex semi-quantitative RT-PCR to detect both GFP (as the experimental control) and RVFV S-genome RNA transcript levels (Figure 4 and Table S1 ). The duplex RT-PCR detections yielded expected fragments of RVFV-S and GFP of 572 and 370 bp, respectively from the transfected cells only at 24, 48, 72 and 96 h time points. The results further indicated that the RVFV-S-genome segment transcript levels in the siRNA-negative Sf21 cells were apparently higher relative to that of the siRNA-positive Sf21 cells.
DISCUSSION
RNAi is a naturally occurring pathway thought to have evolved in plants and animals over millions of years as a form of innate immunity defence against viruses, suggesting an important role in pathogen resistance (Meng et al., 2013) . RNAi can be triggered experimentally by exogenous introduction of dsRNA or using DNA-based vectors, which express short hairpin RNA (shRNA) in the cytoplasm that are processed by Dicer into siRNAs (Swamy et al., 2016; McGinnis, 2010) . RNAi can also be induced directly by transfecting cells with siRNAs with dinucleotide 3' overhangs (Fitzgerald et al., 2017) .
This study described a BEVS-based strategy of demonstrating simultaneous RNA silencing of multiple sequences, in a multiplex RNAi experiment using a single transgenic construct of defined size. The dual promoter capacity of pFBD vector to clone and simultaneously express the two recombinant genes under the P 10 and the P PH promoter from a single vector offered a major advantage over the use of two separate vectors. It suggests a possible way to enhance multiple gene knockdowns in a single organism, and could also be applied in mammalian cells. RNAi is a specific, potent, and highly successful approach for loss-of-function studies in virtually all eukaryotic organisms (McGinnis, 2010; Pompey et al., 2014; Koch et al., 2016) . RNAi technology takes advantage of the cell's natural machinery, facilitated by short interfering RNA molecules, to effectively knock down expression of a gene of interest (Swamy et al., 2016) . Simultaneous RNA silencing using a multiplex RNAi construct has been demonstrated by Bucher et al. (2006) . The Bucher et al. (2006) demonstrated a simple procedure to obtain broad virus resistance at a high frequency by RNA silencing, using a single transgene construct of limited size. This shown that efficient simultaneous targeting of four different tospoviruses can be achieved by using a single small transgene based on the production of minimal sized chimeric cassettes. The shRNA is processed into specific siRNA, which are directed against a viral genome resulting in down regulation of the genome products (Li and Patel, 2016) . In this study, a four-fragment shRNA chimeric construct was made using the BEVS technology for use to target all the three RVFV genome segments (L, M and S) and the GFP as a requirement of the larger study. The multiplex shRNA consisted of successive fragments of 150 bp each of RVFV L, M and S genome fragments and 150 bp GFP (excluding the restriction sites). The 13 bp loop structure separated the genomic sense (GS) constructs and reverse-complement (RC) constructs. Upon transcription in insect cells, the RNA forms a shRNA structure because the RC is complementary sequence to GS. The primers, the multiplex shRNA construct and the respective methods used here are original to this study. However, the idea of the 150 bp shRNA segments was obtained from Bucher et al. (2006) whose cloning method was different from the one used here. The Bucher et al. (2006) PCR merging strategy did not work in this study, therefore the Ongus et al. 1025
restriction cloning option was developed. It has been shown that shRNA production increases efficiency of silencing better than dsRNA (Brummelkamp et al., 2002) . The constitutive expression of GFP by the independent pIZ/V5-GFP construct allowed the visualization of the RNAi effects over time since the siRNA targeting both the RVFV S-genome and GFP were generated from the same shRNA transcript. The co-delivery of this pIZ/V5-GFP construct with either Bacmid-S or Bacmid-S/shRNA into the insect cells allowed monitoring of the RNAi using the duplex semi-quantitative RT-PCR and the GFP fluorescence detection methods. GFP is often used as a reporter gene in a range of qualitative and quantitative studies, real time and an indicator for protein production due to its ability to emit luminescence under UV transillumination (Chalfie et al., 1994; Chalfie and Kain, 1998) . The P PH and P 10 promoters are activated during late stages post-infection (transfection) between 18 to 76 h (Braunagel and Summers, 2007; Yang and Miller, 1999) . The immediate early OpIE2 promoter becomes active between 30 min and 4 h post-infection with the aid of host RNA polymerase II (Theilmann and Stewart, 1992; Amer, 2011) . In the present study, GFP expression preceded that of the RVFV S segment and the shRNA transcripts due to the very late baculovirus P PH , and P 10 promoter activities. Transcripts of RVFV S-genome and GFP RNA were detected at as early as 24 h posttransfection, indicating that these very late P 10 and immediate early OpIE2 promoters respectively were already activated. These observations were in agreement with the documented data about properties of the baculovirus promoters. Once activated, the P PH , P 10 and OpIE2 promoters remained activated throughout the course of this experiment and thus RNAi did not decrease the transcript levels to undetectable levels.
In conclusion, the BEVS experimental model shows that the high level RNA silencing against RVFV Sgenome segment and GFP transcripts simultaneously is achievable using a single transgenic construct, and may provide new ideas and strategies of targeting the RVFV in the infected cells. Importantly, the model has demonstrated that the RVFV S-genome segment transcript is susceptible to RNA silencing. The findings suggest that by employing the use the multiple gene knockdowns in a single organism, the RNAi strategy could be applied to arrest or abrogate the in vitro and in vivo RVFV replications. By extension, the other two RVFV genome segments (L and M) can be silenced by the same multiplexed shRNA cassette designed in this study. Recent advances in RNAi applications make it possible to specifically suppress one or more genes simultaneously (Jung et al., 2017) . Future studies should consider the next challenge of carrying out similar study using this or similar shRNA transcription cassette to target the wild type RVFV in vitro replication. Where, accordingly, in the design and the analyses, more appropriate internal controls, and more sensitive and accurate transcript detection methods such as qPCR and western blots are incorporated in the analyses to confirm the effect and the degree of the RNAi. Broadly, the BEVS-based model is a suitable model for studying RNAi particularly for demonstrating simultaneous RNA silencing of multiple sequences, in a multiplex RNAi using a single transgenic construct of defined size. Moreover, the model may be used in RNAi trials and testing the power of shRNA constructs by selecting and optimizing shRNA clones because the differential transcript levels and siRNA concentrations are quantifiable. The ImageJ software was used to automatically measure the parameters highlighted in red in the excel image example below. The regions within the images of Sf21 cells emitting the GFP fluorescence were selected. The same readings were scored for the background smaller selections outside the fluorescing cells. All the readings were exported to spread sheet where the averages were computed. The cells incubated at different time points (0, 24, 48, 72 and 96 h) from the time-course experiments were analyzed separately. The averages from the two independent experiments were summarized in Table 4 . To compute the corrected integrated density (Relative GFP fluorescence) the following formular was used; Corrected Integrated Density (relative GFP fluorescence) = (The difference between the Average raw intensity readings within the Sf21 cells and the means of means of the background readings outside the cells) multiplied by the average area selected within the Sf21 cells. Here below, t statistic analyses are provided in detail.
SUPPLEMENTARY INFORMATION
To answer the question whether there was linear association between the incubation time and amount of change in the relative GFP fluorescence, the sums of squares and sum of products were computed as follows: SSxx = 5760, SSyy = 29.72 and SSxy = 396.55 in set 1 and SSxx = 5760, SSyy = 32.81 and SSxy = 413.45 in set 2. The average sums of squares and sum of products from both sets were SSxx = 5760, SSyy = 31.05 and SSxy = 404.5.
Using the average sums of squares and sum of products, the sample coefficient of correlation was:
The calculated value of the t statistic was:
The critical value with 5% significance level and 3 degrees of freedom (df) was: t α/2,3 = t 0.25/3 = The calculated t = 17.3 was more extreme than 3.18, so H0 is rejected. There is linear association between incubation time and amount of change in relative GFP fluorescence due to RNAi. Hypothesis of no difference (H 0 : μ = 0) that the RNAi-positive had no effect based on the relative GFP fluorescence between RNAi-negative and RNAi-positive groups in the two sets was tested. Considering the values from 24 h incubation, df was 4-1 = 3. The t-statistic for the set 1 was:
The t-statistic in set 2 was:
The critical t-statistic value for 3 df at 95% (α = 0.05) confidence level t 1-0.05/1,3 = 2.3534 hence P value for these statistics was <0.05. This indicated that the observed values clearly fell into the rejection regions, hence the null hypothesis were rejected. Differences in the amount of change were also tested by comparing their means between the two sets. The null hypothesis was that the mean change between set 1 and set 2 groups was equal (H 0 : µ 1 = µ 2 ). Both sample standard deviations were used to compute the "pooled"standard deviation which has n 1 +n 2 -2 df. Brown-Forsythe (BF) test, which is a 2-sample t-test that looks at the spread of the data in absolute terms, was used. The BF test is usually used with comparison of multiple groups in analyses of variance but may be used with 2 groups. To compute the BF statistic, first the median of each group was calculated, mdi, and then computed the absolute value of the difference between each sample and its group median.
The t-statistic for these data with 6 df considering values from 24 h incubation was:
The critical t value for 6 (n 1 +n 2 -2) df at 95% (α = 0.05) confidence level, t 1-0.05/1,6 = 1.9432 hence P value for this statistic is >0.05. This observed values clearly fell into the acceptance region in favour of null hypothesis. Hence the null hypothesis was accepted and concluded that the average in relative GFP fluorescence observed in set 1 was not significantly different from that observed in set 2 in terms of the amount of change. Figure S3 . Complete 1253 bp shRNA transcripion cassette as was confirmed by Sanger sequencing. Total RNA was isolated from each of the Sf21cells that were un-transfected or co-transfected with pIZ/V5-GFP and either the recombinant AcMNPV Bacmid-S or AcMNPV Bacmid-S/shRNA was harvested at 0, 24, 48, 72 and 96 h post-transfection. The total RNA samples isolated from control cells was also quantified (Materials and Methods) and recorded. The average concentrations of the total RNA isolated from the duplicate in vitro transcription time-course experiments were determined (Table S1 ). ***The bases highlighted in colour were gene specific sequences used to construct the multiplex shRNA transcription cassette. The colour code representation is as follows:
